Whether early glomerular, tubulointerstitial, vascular, and global glomerulosclerotic lesions can predict progression of diabetic nephropathy is not well defined. Here, we sought to determine whether renal structural parameters predict the development of proteinuria or ESRD after long-term follow-up. We measured several renal structures in kidney biopsies from 94 normoalbuminuric patients with longstanding type 1 diabetes using unbiased morphometric methods. Greater width of the glomerular basement membrane and higher levels of glycated hemoglobin were independent predictors of progression to diabetic nephropathy in this normoalbuminuric cohort. Moreover, none of these patients with type 1 diabetes who had glomerular basement membrane widths within the normal range developed proteinuria and/or ESRD. In conclusion, careful quantitative assessment of kidney biopsies in normoalbuminuric patients with type 1 diabetes adds substantially to the prediction of progression to clinical diabetic nephropathy. Despite recent advances in diabetes management, changes in clinical practice after the publication of the Diabetes Control and Complications Trial/ Epidemiology of Diabetes Interventions and Complications and other landmark studies, and knowledge of the benefits of better BP management and renin angiotensin system (RAS) blockade for patients with overt diabetic nephropathy (DN) and reduced GFR, 1-3 DN remains the single most common cause of ESRD in the United States 4 and other developed countries. In fact, in the United States, the annual incidence of ESRD caused by DN continues to increase. 4 Identifying patients who are vulnerable to or protected from DN could allow preventative strategies to be directed to those patients at increased risk. Although microalbuminuria identifies a subset of patients at greater likelihood of DN progression, microalbuminuria is neither an early nor a sufficiently precise marker by itself of DN risk. 5 Thus, we have previously shown that severe glomerular lesions may be present in normoalbuminuric patients with type 1 diabetes (T1D) 6,7 and also, that normoalbuminuric patients with decreased GFR have more advanced glomerular lesions. 8 A study of young normoalbuminuric T1D patients found that both metabolic (hemoglobin A 1c [A 1c ]) and renal structural parameters (glomerular basement membrane [GBM] width) were predictive of the subsequent development of microalbuminuria. 9 Glomerular structural lesions were also predictors of subsequent changes in urinary albumin excretion rate (AER) in a study evaluating a small number of microalbuminuric T1D patients. 10 However, there are no long-term follow-up studies in normoalbuminuric T1D patients of the predictive value of renal lesions on harder clinical end points of overt proteinuria, ESRD, and death.
Despite recent advances in diabetes management, changes in clinical practice after the publication of the Diabetes Control and Complications Trial/ Epidemiology of Diabetes Interventions and Complications and other landmark studies, and knowledge of the benefits of better BP management and renin angiotensin system (RAS) blockade for patients with overt diabetic nephropathy (DN) and reduced GFR, [1] [2] [3] DN remains the single most common cause of ESRD in the United States 4 and other developed countries. In fact, in the United States, the annual incidence of ESRD caused by DN continues to increase. 4 Identifying patients who are vulnerable to or protected from DN could allow preventative strategies to be directed to those patients at increased risk. Although microalbuminuria identifies a subset of patients at greater likelihood of DN progression, microalbuminuria is neither an early nor a sufficiently precise marker by itself of DN risk. 5 Thus, we have previously shown that severe glomerular lesions may be present in normoalbuminuric patients with type 1 diabetes (T1D) 6, 7 and also, that normoalbuminuric patients with decreased GFR have more advanced glomerular lesions. 8 A study of young normoalbuminuric T1D patients found that both metabolic (hemoglobin A 1c [A 1c ]) and renal structural parameters (glomerular basement membrane [GBM] width) were predictive of the subsequent development of microalbuminuria. 9 Glomerular structural lesions were also predictors of subsequent changes in urinary albumin excretion rate (AER) in a study evaluating a small number of microalbuminuric T1D patients. 10 However, there are no long-term follow-up studies in normoalbuminuric T1D patients of the predictive value of renal lesions on harder clinical end points of overt proteinuria, ESRD, and death.
RESULTS
After 11.067.2 years of follow-up, 74 patients were alive, and 20 patients were deceased. Follow-up information in regards to patients' progressor, nonprogressor, and/or survival status was available in 82 (87.2%) patients, whereas 4 (4.3%) patients were lost to follow-up, 5 (5.3%) patients did not return the consent forms after multiple attempts, and 3 (3.2%) patients refused participation. Among 82 patients for whom we had follow-up information, 59 (72%) patients remained normoalbuminuric and were classified as nonprogressors, and 12 (14.6%) patients progressed to the composite end point of proteinuria and/or ESRD. Four (4.9%) subjects were microalbuminuric at follow-up and excluded from the final analyses. Also excluded from the analyses were seven subjects who, deceased at time of follow-up, had inadequate data for classification as progressors or nonprogressors. These subjects were not listed on the US Renal Data System (USRDS).
Twenty patients died during the follow-up period; nine patients were progressors, four patients were nonprogressors, and seven patients (see above) could not be classified. Causes of death among progressors included cardiovascular disease (n=4), renal insufficiency (n=3), complications after pancreas transplant (n=1), and unknown (n=1). One nonprogressor died of accidental poisoning, two nonprogressors died from diabetes, and one nonprogressor died from an unknown cause. Of seven unclassifiable patients, two patients died of complications after pancreas transplant less than 1 year after the kidney biopsy and thus, were not followed long enough before death to be classified in regards to kidney progression, one patient committed suicide, one patient died from a metastatic melanoma, one patient died from a motor vehicle accident, and two patients had diabetes listed as their cause of death.
There were no differences in baseline demographic, clinical, or glomerular structural parameters in 82 subjects for whom we had follow-up information and 12 subjects who were alive and unlisted in the USRDS in whom we could not access renal status at follow-up (data not shown). All 11 patients who were on RAS blocking agents at follow-up agreed to the washout studies. There were no complications related to discontinuation of RAS blocking agents and/or use of alternative antihypertensive agents during the washout period.
There were no differences between progressors and nonprogressors in man/woman ratio, baseline diabetes duration, length of follow-up, AER, GFR, BP levels, and frequency of hypertension or diabetic retinopathy ( Table 1) . As expected, as a group, these normoalbuminuric patients, whether later classified as progressors or nonprogressors, had abnormal baseline glomerular structural parameters compared with normal controls (Table 2) . At baseline, progressors were, on average, 8 years younger at the time of the initial studies (P=0.007), had higher A 1c (P=0.01) ( Table 1) , and had greater GBM width (P,0.001) ( Figure 1 and Table 2 ) than nonprogressors. The overall risk of progression in these normoalbuminuric subjects was 17%. In those patients with GBM width in the same range as the progressors, the risk was nearly doubled (33.3%). All 21 subjects with GBM width in the normal range were nonprogressors, despite equivalent duration of T1D in the nonprogressors with normal GBM width (20. There were no statistically significant differences in baseline renal structural parameters between seven patients who progressed to ESRD and five patients who progressed to proteinuria.
Multiple logistic regression analyses indicated that only GBM width (P=0.008) and A 1c (P=0.003) were independent predictors of progression. Seven deceased patients who could not be classified by their kidney status before death were followed for a shorter period of time (4.864.2 years; P=0.001 versus progressors and P=0.001 versus nonprogressors) and had higher diastolic BP (78.067.0 mmHg) and A 1c (9.361.6%) than nonprogressors (P=0.02 and P=0.05, respectively). Glomerular structural parameters in these subjects were intermediate between progressors and nonprogressors but not different from either group (Supplemental Table 1 ). When baseline glomerular structural parameters from these deceased subjects were compared with those parameters of progressors or nonprogressors, all differences between progressors and nonprogressors reported above remained significant (Supplemental Table 1 ).
DISCUSSION
This study is the only study to date of normoalbuminuric T1D patients who had baseline research kidney biopsies and long-term ($5 years) follow-up looking for early predictors of progression to proteinuria and/or ESRD. We acquired followup information in 87% of the original cohort, which argues against major ascertainment bias. However, because 12 patients, for whom we could not obtain follow-up information, were not found in ESRD or death registries, it is possible that the incidence of progression was slightly overestimated.
Baseline glycemic control and kidney structural lesions were independent predictors of progression to the composite end point of proteinuria and/or ESRD in these normoalbuminuric T1D patients. All cardiovascular deaths occurred in patients who had already reached one of these renal outcomes. Worse glycemic control has long been implicated with increased risk of chronic diabetic complications in both T1D 11 and type 2 12 diabetic persons. It is, therefore, not surprising that A 1c was a predictor of progression in this cohort. Progressors were also younger than nonprogressors at baseline, whereas there was no statistical difference in their age at diabetes onset. However, the relationships between age of onset, sex, and microvascular complications are apparently quite complex, 13 and our cohort is too small to be analyzed in this regard.
We have previously implicated greater baseline GBM as a predictor of increased likelihood of developing microalbuminuria over the next 5 years in young normoalbuminuric T1D research subjects. 14 However, because microalbuminuria is not a precise predictor of hard clinical end points, 5 we asked whether baseline GBM width and/or other renal structural parameters on longer-term follow-up were independent predictors of progression to proteinuria and/or ESRD.
It is important to note that our baseline renal biopsy findings reflect the wide range of severity of glomerular structural lesions that we have previously shown in normoalbuminuric longstanding T1D patients. 7 Thus, a substantial proportion of normoalbuminuric T1D patients with long diabetes duration have glomerular lesions, including increased GBM width, mesangial expansion, and reduced glomerular filtration surface density, that, in fact, overlap in severity with lesions seen in microalbuminuric and even proteinuric patients. 7 Moreover, we have previously shown strong relationships between renal structure and function in T1D patients 6, 7, 15 and the fact that normoalbuminuric T1D patients with reduced GFR have more severe underlying glomerular lesions than those patients with normal GFR. 8 Thus, it may not be surprising that the patients progressing to serious end points were those patients with more severe lesions at initial evaluation. It was, perhaps, more surprising that greater GBM width was the only renal structural parameter that independently predicted the progression to proteinuria and ESRD.
Although mesangial expansion and its reciprocal decrease in glomerular filtration surface density 7, 16, 17 are stronger correlates of albuminuria and GFR decline than GBM width in more advanced stages of DN, 6, 7, 15, 16 there was no signal that these other glomerular parameters were early predictors of overt DN and ESRD in the present study. Across the broad spectrum of DN lesions, GBM width and mesangial expansion are quite highly correlated; however, this finding, in fact, is largely driven by patients with more advanced lesions. 7 We have previously shown in a study of younger patients with average T1D duration of about 9 years that, earlier in the natural history of DN, GBM width has a linear relationship with diabetes duration, whereas the relationship of duration with mesangial changes is better described as curvilinear, which initially steady, may accelerate later. 18 Because ultimately, GBM width and mesangial fractional volume do become closely correlated, earlier increases in GBM width may, in fact, represent an important predictor of other glomerular structural parameters and thereby, a predictor of DN risk.
Arteriolar hyalinosis can be an early lesion of DN, 19 and its greater severity is associated with increased percent global GS in T1D patients. 20 Although both these structural parameters were increased in progressors versus nonprogressors, they did not emerge as independent predictors of DN risk in multiple 20 Cortical interstitial fractional volume and the fraction of cortical tubules that were atrophic were unrelated to subsequent DN risk in these patients who were all normoalbuminuric at baseline. This finding is consistent with our previous studies that indicated that, in T1D patients with GFRs above 45 ml/min per 1.73 m 2 , these parameters added little to the explanation of GFR loss. 15, 21 Thus, although these lesions may be critical to clinical progression in the later stages of DN, when serum creatinine levels are above ;2.5 mg/dl, their contribution to renal dysfunction at early stage is likely relatively limited.
GBM width has been directly correlated with A 1c in a number of studies, 19, [22] [23] [24] with this single clinical variable explaining between 9% and 36% of the variability in this structural parameter. However, glycemia cannot explain all of the variability in the risk of microvascular complications. It is known that there is familial concordance for DN risk. [25] [26] [27] We have previously shown that glomerular structural parameters, including GBM width, are concordant in sibling pairs where both have T1D and that this concordance remains statistically significant after adjusting for glycemia. Thus, at least in part, the glycemia-independent predictive value of GBM width on the hard end points in the present study may represent the genetic propensity to and/or protection from DN risk. This finding suggests that GBM width may be a useful genetic marker of DN risk and that those genes and pathways that regulate GBM production and removal are appropriate candidates for understanding how genetic predisposition to DN operates. Having GBM width in the range of the progressors doubled the risk of progression from 17% to 33.3%. Perhaps even more striking is the observation that none of the T1D patients with GBM width within the normal range, despite longstanding diabetes, progressed to proteinuria and/or ESRD.
The deceased patients who could not be classified in regards to renal outcomes had GBM width values between the values of progressors and nonprogressors. This result suggests that some of these patients, if they had survived longer, would have progressed to proteinuria and/or ESRD, whereas others would have remained normoalbuminuric.
In summary, GBM width after long T1D duration is a strong independent predictor of DN risk in normoalbuminuric T1D patients. Severity of arteriolar hyalinosis and percent global GS were also greater in the progressors and although not independent of other variables in multiple regression analyses, could nonetheless be important contributors to renal dysfunction in these patients. Better understanding of how these earlier DN lesions come about could lead to new treatment targets aimed at preventing important diabetic complications. Clearly, there is a need for less invasive biomarkers given the practicality challenges of the adoption of renal biopsies in routine patient care. However, GBM thickening as an early risk predictor may facilitate early DN biomarker discovery compared with waiting an additional decade or more for serious clinical renal events to develop.
CONCISE METHODS

Patients
All normoalbuminuric T1D patients who had volunteered for research kidney biopsies and kidney function studies between 1982 and 2005 who were 18 years or older, had T1D for at least 5 years, were not on RAS blocking agents at the time of the initial studies, had adequate biopsy tissue available for study, had not received a pancreas transplant that functioned for more than 3 months, and were followed for at least 5 years postbiopsy were included in this study. Ninety-four subjects met these inclusion criteria. These studies were approved by the Institutional Review Board at the University of Minnesota, and informed consent was obtained from all living participants. Relatives of deceased patients were also contacted. Vv(Int/cortex) was measured in six control subjects. Two subjects did not have enough points hitting the interstitium for a precise estimate of this parameter.
Baseline Studies
Patients were admitted to the General Clinical Research Center (GCRC) at the University of Minnesota for these studies. AER was measured by a fluorescent immunoassay 28 in at least two 24-hour urine collections at baseline and at least two overnight urine collections at follow-up. Normoalbuminuria was defined as AER,20 mg/min, microalbuminuria was defined as 20-200 mg/min, and proteinuria was defined as .200 mg/min in at least two of three consecutive urine samples.
Creatinine was measured by Jaffe's reaction. GFR was measured by iohexol plasma disappearance 29 or iothalamate clearance, 30 or it was estimated by the average of three carefully GCRC-collected creatinine clearances. The mean of these multiple GCRC creatinine clearances has previously been shown to be strongly correlated with inulin clearance (r=0.92; P,0.001) performed during the same GCRC admission. 17 Glycated hemoglobin was measured by a nonautomated ion exchange chromatography microcolumn from 1982 to 1986 (A 1 reference range=5.5%-8.5%), an automated HPLC (Biorad) from 1986 to 1992 (A 1 reference range=5.1%-7.3%; A 1c reference range=4.3%-6.1%), and the same method standardized to Diabetes Control and Complications Trial values since 1992 (A 1 reference range=5.4%-7.4%; A 1c reference rang=4.3%-6.0%). Results from before 1992 were converted to current A 1c standards using published equations. 31 BP values are the average of multiple (.15) standardized Dinamap measurements performed by trained GCRC nursing staff. Hypertension was defined as BP.130/85 mmHg or use of antihypertensive agents. Retinopathy was assessed by fundoscopy and classified as absent, background, or proliferative.
For renal biopsy measurements, kidney biopsy tissues were processed for light (LM) and electron microscopy (EM) as we have previously detailed. 7 Briefly, EM kidney tissue was fixed in 2.5% glutaraldehyde in Millonig's buffer and embedded in Polybed 812. Ultrathin sections were examined with a JEOL 100CX electron microscope. Micrographs using a systematic uniform random sampling protocol at 11,0003 were obtained for measurement of GBM width and mesangium composition. Micrographs at 39003 were constructed into a montage of the entire glomerular profile for measurements of Vv(Mes/glom) and Sv(PGBM/glom). GBM width was estimated by the orthogonal intercept method. 32 Vv(Mes/glom), Vv(MM/glom), and Vv(MC/glom) were estimated by point counting, 33 and Sv (PGBM/glom) was estimated by the intercept method. 6, 7 Glomerular profiles were screened by a single masked observer (M.M.) for compression artifacts. An adequate number of glomeruli (at least two nonsclerosed glomeruli) per biopsy were required for the EM morphometric studies. 30 Reference values for EM glomerular structural parameters were derived from intraoperative kidney biopsies in 76 normal living kidney transplant donors. These subjects (33 men) were 37.6612.1 years of age (19-64 years) as previously published. 7 Tissue for LM was fixed in Zenker's solution, embedded in paraffin, sectioned at 2-mm thickness, and stained with periodic acidSchiff. LM tissues were used for estimates of Vv(Int/cortex), Vv(AT/ cortex), percentage of global GS, and IAH. LM readings were done in all progressors in whom LM tissue was available as well as a subset of nonprogressors matched to the progressors for sex and diabetes duration at baseline biopsy. We also examined LM in a subset of sex-and age-matched living kidney donor tissues. The number of sclerosed glomeruli was estimated at 1503; all other LM studies were done at a magnification of 3003.
Interstitium was defined as the portion of the cortex not composed of glomeruli, tubules, vessels (with a diameter greater than the diameter of an average tubule), or adventia. Vv(Int/cortex) was determined by a single masked observer by point counting LM on random, systematic, unbiased digital images at an actual magnification of 7303 as previously published. 34 The digital stereology grid used in point counting consisted of coarse points (60 mm apart), each surrounded by four fine points (30 mm apart). Nonoverlapping digital images of cortex were taken of one tissue section on a given microscope slide. Additional tissue sections were imaged at least 100 mm apart if needed to obtain adequate numbers of coarse points. 34 Vv(Int/cortex) was calculated using the following formula:
where FPI is the number of fine points hitting interstitium and CPC is the number of coarse points hitting cortex. A minimum of 65 FPI was required, because this number provides a stable estimate of Vv (Int/cortex). 34 An average of 262 coarse points (range=83-423) and 159 fine points (range=65-253) was counted.
Vv(AT/cortex) was estimated by point counting on the fields used for Vv(Int/cortex). Atrophic tubules were defined by the presence of thickened or reduplicated tubular basement membranes surrounding tubules of reduced diameters containing shortened or flat tubular epithelial cells; in the absence of thickened tubular basement membranes, atrophy was defined as a tubular diameter ,50% of normal as determined by comparison with adjacent tubules. 34 Percent global GS was obtained by two masked observers (M.L.C and M.M.). A mean of 26 (range=9-72) glomeruli was examined per biopsy. Values in the group of sex-and age-matched normal kidney donor controls were 0%. IAH was also obtained by these same masked observers who, reading slides together, agreed on the subjective estimate of the fraction of each arteriolar wall replaced by hyaline in one complete LM section. Because higher scores for IAH are associated with more global GS, greater weighting was given to arterioles with higher scores according to the previously published formula 19 :
Numerator: 13number of arterioles with a score # 0:25 þ23number of arterioles with a score 0:26 2 0:50 þ33number of arterioles with a score 0:51 2 0:75 þ43number of arterioles with a score $ 0:76
:
The denominator is the total number of arterioles counted.
We examined 26 (range=7-59) vessels per biopsy. Normal value in this group of sex-and age-matched controls was one.
Follow-Up Studies
Patients who were alive were contacted and asked to complete a questionnaire accessing their current clinical status. Patients who were on dialysis or had received a kidney transplant were classified as progressors. All remaining patients were asked to provide at least two overnight urine samples for AER measurements. Patients who were proteinuric were also classified as progressors.
Patients who were on angiotensin-converting enzyme inhibitors (ACEis) or angiotensin receptor blockers (ARBs) at follow-up and were normoalbuminuric or microalbuminuric underwent a 2-month ACEi/ARB drug washout and then had AER measured again using the same protocol. Patients who developed hypertension BP levels.130/85 mmHg during the washout period had their BP levels controlled by the study investigators (M.L.C. and M.M.) or their primary physician according to our study protocol. Briefly, ACEi or ARB therapy was discontinued, and patients were started on a calcium channel blocker (amlodipine: 2.5 mg). BP was measured before discontinuation of therapy and 2 weeks after the alternative therapy began. The dose of antihypertensive agents was adjusted as need. If BP still exceeded 130/85 mmHg, a diuretic (indapamide: 1.25 mg one time daily) was added and increased, if necessary, up to 2.5 mg one time daily. If BP levels still exceeded 130/85 mmHg, an a-blocker, terazosin (1 mg at bedtime), was added and adjusted up to 8 mg one time daily as needed. The protocol specified that, if BP levels were not controlled with these agents or there were side effects of these drugs (such as dizziness or rash), these medications were to be discontinued, and patient's usual medications (ACEi or ARB) were resumed. In fact, resumption of these drugs was never necessary. AER values at the end of the washout period were used to classify these patients as progressors or nonprogressors.
Patients in whom follow-up information was not available were searched for in the USRDS and the National Death Index. Date of beginning of renal replacement therapy (dialysis or renal transplant) and date and cause of death were recorded for all subjects for whom we had a perfect match in these registries.
Statistical Analyses
Patients remaining normoalbuminuric on no RAS blockade were classified as nonprogressors. Patients progressing to the composite outcomes of proteinuria and ESRD were defined as progressors. Baseline demographic and clinical characteristics of progressors and nonprogressors were compared by unpaired t test or Pearson chi-squared test. Data not normally distributed were analyzed by nonparametric tests. Values of P,0.05 were considered statistically significant.
